Scanning probe lithography (SPL) owns a lot of potential as a powerful tool in nanofabrication [1] [2] [3] [4] [5] . SPL utilizes a conductive tip to pattern a thin layer of electron sensitive material or conductive surface. On the other hand, self-assembled monolayers (SAMs) provides one easy route towards surface functionalization with organic molecules containing functional groups like, -SH, -COOH, -NH 2 and silanes, on selected metallic as well as semiconductor surfaces. In this paper, a new technique is introduced for selective deposition of colloidal gold nanoparticles (AuNPs) onto the surface of an unpatterned self-assembled monolayer. Patterning of N-(2-aminoethyl)-3-amino-propyl -trimethoxysilane (AEAPTMS) SAMs monolayer on the thin SiO 2 surface is realized by using local filed-induced SPL bond breaking scanning probe lithography. Filediduced SPL bond breaking, as the electrochemical mechanism suggested [6] [7] [8] , the water-meniscus between the tip and the substrate surface could work as an electrochemical nano-cell and could provide hydroxyl ions, hydrogen radicals, and oxygen species for decomposing among N-H, C-N and Si-O bonds of AEAPTMS SAMs patterns at random under ambient as shown in the Figure 1(a) . After SPL bond breaking of AEAPTMS SAMs, the NH 3 functional groups, backbone of AEAPTMS and Si-O head groups of aminosilane modified surfaces were decomposed, and SPL patterning region was also not connected with citrate-stabilized AuNPs. The sample is then directly self-assembled with 15 nm citrate-coated AuNPs, and AuNPs were selectively anchored on the unexposured area via Coulombic force between silanation modified surfaces and the gold nanoparticles, as shown in Figure 1(b) . This straightforward patterning technique is successfully demonstrated for selective deposition of few AuNPs on the thin SiO 2 surface of silicon substrate, and it also can be used to fabricate any structure patterns on the SiO 2 surface. Citrate-stabilized gold nano-particles were selectively anchored on the unpatterned area via electrostatic force between aminosilane modified surfaces and the gold nanoparticles as show in the Figure 1(c) . In this research, the distribution densities of AuNPs selective deposition were successfully dominated by the additional SPL electricalfield-induced chemical bond decomposing. It was appeared that the distribution densities of gold nanoparticles selective deposition decreased as the additional SPL tip bias increased. It is believed that the proposed novel technique can be applicable to generate interesting gray-level selective patterning.
Introduction
Scanning probe lithography (SPL) owns a lot of potential as a powerful tool in nanofabrication [1] [2] [3] [4] [5] . SPL utilizes a conductive tip to pattern a thin layer of electron sensitive material or conductive surface. On the other hand, self-assembled monolayers (SAMs) provides one easy route towards surface functionalization with organic molecules containing functional groups like, -SH, -COOH, -NH 2 and silanes, on selected metallic as well as semiconductor surfaces. In this paper, a new technique is introduced for selective deposition of colloidal gold nanoparticles (AuNPs) onto the surface of an unpatterned self-assembled monolayer. Patterning of N-(2-aminoethyl)-3-amino-propyl -trimethoxysilane (AEAPTMS) SAMs monolayer on the thin SiO 2 surface is realized by using local filed-induced SPL bond breaking scanning probe lithography. Filediduced SPL bond breaking, as the electrochemical mechanism suggested [6] [7] [8] , the water-meniscus between the tip and the substrate surface could work as an electrochemical nano-cell and could provide hydroxyl ions, hydrogen radicals, and oxygen species for decomposing among N-H, C-N and Si-O bonds of AEAPTMS SAMs patterns at random under ambient as shown in the Figure 1(a) . After SPL bond breaking of AEAPTMS SAMs, the NH 3 functional groups, backbone of AEAPTMS and Si-O head groups of aminosilane modified surfaces were decomposed, and SPL patterning region was also not connected with citrate-stabilized AuNPs. The sample is then directly self-assembled with 15 nm citrate-coated AuNPs, and AuNPs were selectively anchored on the unexposured area via Coulombic force between silanation modified surfaces and the gold nanoparticles, as shown in Figure 1(b) . This straightforward patterning technique is successfully demonstrated for selective deposition of few AuNPs on the thin SiO 2 surface of silicon substrate, and it also can be used to fabricate any structure patterns on the SiO 2 surface. Citrate-stabilized gold nano-particles were selectively anchored on the unpatterned area via electrostatic force between aminosilane modified surfaces and the gold nanoparticles as show in the Figure 1 (c). In this research, the distribution densities of AuNPs selective deposition were successfully dominated by the additional SPL electricalfield-induced chemical bond decomposing. It was appeared that the distribution densities of gold nanoparticles selective deposition decreased as the additional SPL tip bias increased. It is believed that the proposed novel technique can be applicable to generate interesting gray-level selective patterning.
Experimental details
In order to confirm the ability of gray-level selective patterning by using the SPL electric-field induced bonds breaking method, a 2.5-nm-thick hydroxyl-terminal surface of the oxidized silicon substrate was prepared by immersing the silicon sample into a piranha solution for 10 min at 120°C, rinsed copiously with de-ionized water, and blown dry with N 2 gas. The aminosilane modified SiO 2 surfaces were again prepared by immersing a 2.2 mM AEAPTMS solution for 15 min, and baked at 120 o C for 30 min. After the dehydration procedure, aminosilane monolayer formed on the hydroxyl-terminal surface, which provided a surface bearing free amine functional groups, SAM backbone and Si-O head group. SPL gray-level patterning of AEAPTMS SAMs were successfully carried out by applying tip/sample bias from 2.0 to 6.0 volts, the tip scanning speed, and ambient humidity were maintained on 0.5μm/s, and 60 ± 1%, respectively. The distribution densities of the 15-nm AuNPs selective deposition on the desired squares patterns of SPL-exposured silanation modification regions by applied the low energies of additional SPL bond breaking bias. It was appeared that the distribution densities of gold nanoparticles selective deposition decreased as the additional SPL tip bias increased as shown in the Figure 2 . It was suggested that the distribution densities of gold nanoparticles selective deposition were dominated by the additional SPL electrical-field-induced chemical bond decomposing effect. Distribution densities of the gold nanoparticles selective deposition on the SPL bond breaking exposed patterns as a function of the bond breaking voltages is decreased exponentially. Fig. 2 . SEM images of the distribution densities of the 15-nm AuNPs selective deposition on the desired squares patterns of SPL-exposured silanation modification regions by applied the low energies of additional bias after immersion in the AuNPs solution for 1.5 h. Additional SPL bond breaking voltages form 2.0Volts to 6.0Volts. Figure 3 inset shows the black and white gray-level photograph of the physicist Dr. Richard P. Feynman with a 512 × 512 resolution. We choose the voltages range of the SPL gray-level patterning from 2.5 V to 5.5 V, the resolution of SPL bond breaking patterning is 11.71875 mV/grad, and the pitch of pixel is about 97.66 nm. The SPM-tip scanning speed, bond breaking reaction time of pixel, and ambient humidity were maintained on 7.5 μm/sec, 10 ms, and 60 ± 1%, respectively.
The SEM images of the AuNPs selective gray-level patterning on the SiO 2 surface by applied the low energies of additional bias after immersion in the AuNPs solution for 1 h. We have successfully demonstrated that the gray-level selective patterning on the 2.5 nm thin silicon oxide surface by using the SPL electric-field induced bonds breaking method as shown in the Figure 3 . In this research, via a proper control, it is believed that this novel technique can be widely applied in nanofabrication, nanoelectronics, and chemical biosensors. 
Conclusions
Based on the experiments, tip bias less than 4.5 V can not effectively break the bonds of SAMs. We have successfully demonstrated that the gray-level selective patterning on the 2.5 nm thickness SiO 2 surface by using the SPL electric-field induced bonds breaking method. Because of gold nano-particles have been widely used for variety applications, via a proper control, it is believed that the novel SPL bond breaking technique can be applicable to generate variety distribution densities of gold nanoparticles on the silicon oxide surface. The proposed nanofabrication technique may be further applied in both nanoelectronics and flash memory applications.
